Drosophila simulans and Drosophila mauriiana are sibling species that show substantial sexual Isolation in one of their two reciprocal hybridizations. Genetic analysis reveals that in females this isolation is caused by at least one recessive gene on each autosome, while the X chromosome has little or no effect. Our results, combined with those of previous studies, show that in Drosophila the genetics of sexual isolation differs from that of postzygotic reproductive isolation, which invariably involves large effects of the X chromosome.
Beginning with Dobzhansky's (1) classic study of sterility in Drosophila pseudoobscura/Drosophila persimilis hybrids, there is now a large body of work describing the number and location of genes responsible for differences among species and for the sterility of their hybrids. Such studies are motivated by the desire to understand speciation through genetic analysis of its products. This approach can, for example, determine whether reproductive isolation involves only a few genes of large effect or has a more polygenic basis. [One most often finds polygeny (2) .] A collection of analyses may also reveal patterns that inspire new theories of speciation, such as the very large effect of the X chromosome on hybrid sterility and inviability. This effect, observed in every 1 of 20 studies ofinsects and mammals, has led to population-genetic theories of how reproductive isolation evolves (2, 3) .
Almost all genetic analyses of reproductive isolation have been limited to postzygotic isolation: the sterility or inviability ofhybrids. Only four studies ofsexual isolation have estimated the contributions of different chromosomes to mating discrimination, and all of these studies involved Drosophila (4-7). There is simply not enough information about the genetics of sexual isolation to produce or support theories of speciation.
Here I analyze the genetic basis of female sexual isolation between two sibling species in the Drosophila melanogaster subgroup: Drosophila simulans and Drosophila mauritiana. The former species is cosmopolitan and associated with humans, while the latter is endemic to the islands of Mauritius in the Indian Ocean. D. simulans does not live on Maritius (8) , implying that D. mauritiana resulted from colonization by either D. simulans or their common ancestor. These species have identical patterns of chromosome banding and can be distinguished mainly by the shape of the male genital arch (8, 9) . They can be crossed reciprocally, yielding fertile females but sterile males (10) . Genetic analysis of their morphological differences, as well as of the sterility of male hybrids, shows that several or many genes are responsible, with a particularly strong effect of the X chromosome on sterility (11) (12) (13) (14) .
The two species are also sexually isolated. While D. simulans females mate readily with males of either species, D. mauritiana females mate only rarely with D. simulans males. [Such asymmetry is often observed in Drosophila (15, 16 ).] Because this pattern was observed with a variety of strains of each species (10, 15, (17) (18) (19) (20) , it is certainly a property of the species themselves and not an aberration of particular stocks.
The fertility of hybrid females allows one to analyze the effect of each species' chromosomes on sexual isolation. Because the divergence between D. simulans and D. mauritiana almost surely involved an island colonization, the study also provides information about the genetics of reproductive isolation in species that may have experienced population bottlenecks. This is relevant to the recent contention that reproductive isolation arising after colonization is based on genetic changes different from those occurring during conventional speciation (21) .
METHODS AND MATERIALS
Female insemination was studied with a "no-choice" mating design: three 3-day-old virgin females of one species or genotype were confined for 24 Because there is free recombination in the hybrid F1 females (23) , the presence or absence of a marker does not necessarily identify the origin of the entire chromosome. On average, genes within 50 centimorgans of a marker will be nonrandomly associated with it, although genes closely linked to the marker will be more likely to show such association than those farther away. The locations of prune and jaunty indicate that these markers will be nonrandomly associated with most of the X and second chromosomes respectively. Irregular, whose position is unknown, may mark as little as half of the third chromosome.
Equal numbers of females of each of the eight genotypes were collected daily and tested simultaneously by confining them with D. simulans FC males for 24 hr in an 8-dram food-containing vial. I made control crosses, described below, to determine any effects of the mutations themselves on insemination frequency. Data were not taken from vials in which any flies had died during the mating period but were used from the few vials from which females escaped during slide preparation.
Flies were reared in uncrowded cultures using standard cornmeal/yeast/agar medium. All rearing and mating tests were done in a 240C incubator set on a 12-hr light/12-hr dark cycle, with the mating tests beginning at the start of the light cycle. Flies were lightly anesthetized with carbon dioxide on the day of eclosion but not thereafter.
RESULTS
Nearly all females of both pure species are inseminated when confined for 24 hr with males of their own species ( It is possible that the recessivity of mating "discrimination" is an artifact of using a long period of enforced confinement and that F1 hybrid females would mate less frequently with D. simulans males if confined for a shorter (3 and 4) , (6 and 7), (8 and 9), (10) (11) (12) (13) (14) (15) (16) (17) , (18 and 19) , (20 and 21) , ( (8) , they show incomplete pre-and postzygotic reproductive isolation in the laboratory. Because they are allopatric, it is not clear whether they could remain as distinct biological species in sympatry, although we know little about their ecological specificity.
Second, we do not know whether sexual isolation would be the most important isolating mechanism if these species were to become sympatric. Surveying the Drosophila literature, Coyne and Orr (25) concluded that sexual isolation is at least as important as sterility and inviability in reducing gene flow between allopatric species tested in the laboratory. This conclusion is tentative, however, because it is based on data gathered under artificial conditions and because there is little information about ecological and temporal reproductive isolation in Drosophila.
The genes in D. mauritiana females that cause discrimination against D. simulans males are completely recessive, so that F1 females are identical to the "nondiscriminating" D. simulans females. The backcrosses imply that each of the two autosomes carries at least one recessively acting gene causing sexual isolation. There may be an effect ofthe X chromosome as well, but it is at best very small and will require a much larger study to determine whether it is real. The estimate of two or three loci affecting sexual isolation is, of course, a minimum, and the true number could be much larger.
The way a trait is measured can affect the outcome of genetic analysis, and the genetics of sexual isolation in these "no-choice" tests may differ from that revealed by "choice" tests that allow both conspecific and heterospecific matings in the same vial. In other studies, however, sexual isolation remains high when D. simulans males are presented with both D. mauritiana and D. simulans females, but it is low when the same test is performed with D. mauritiana males (16, 19) . The possibility of choice does not seem to affect the amount or asymmetry of the isolation, then, and our results may therefore apply to other experimental designs. The observations of male courtship show that the rarity of interspecific insemination largely reflects the behavior of D. mauritiana females, who decide whether to accept or reject a courting male. But we must remember that this measure of sexual isolation may still include a component of choice by males.
How do these results compare with those of other studies? Complete or partial dominance of female "nondiscrimination" genes have been described in all three analyses of sexual isolation in which females are given only a single type of male (4, 5, 7) . If sexual isolation results largely from female behavior, this dominance may indicate that a female's possession of a haploid set of chromosomes from one species allows her to recognize males of that species as suitable mates. But this conclusion is tentative because few species have been studied, and it fails to explain the asymmetry of sexual isolation between these species.
Comparing all four studies of female mating behavior, one sees no consistency in the chromosomes involved. In the D. pseudoobscura/D. persimilis hybridization, the X and second chromosomes have the largest effects on insemination frequency, while the other two major autosomes have little or no effect (4) . In Drosophila paulistorum, each of the four chromosomes affects sexual isolation in at least one of the three subspecies pairs tested, but there is no particular consistency among the hybridizations (5). In the most comprehensive study (which included complete genetic analysis of both sexes), Zouros (7) found that in females two autosomes were largely responsible for the sexual isolation of Drosophila mojavensis and Drosophila arizonensis, while the two other autosomes and the X chromosome had no effect. In all four studies, at least one chromosome has little or no effect, which is not expected if sexual isolation is caused by many genes scattered throughout the genome. This might imply that in females only a few genes affect this character. Nearly all of these experiments, however, examined small numbers of females using few marker loci and therefore had little power to detect small effects.
An important conclusion from the four studies of females is that there is no consistent effect of the X chromosome on sexual isolation. This also applies to males. Although large X chromosome effects have been described in one study of sexual isolation in males (6), they were not found in two other experiments (5, 7) . In some Drosophila species, characteristics of male courtship "song" may be predominantly located on the X chromosome, while in other species or characters the autosomes are more important (6, (26) (27) (28) (29) . The connection between male mating song and sexual isolation is at any rate unclear: in the study of Kawanishi and Watanabe (6) , sexual isolation mapped predominantly to the X chromosome but interspecific differences in mating song were predominantly autosomal.
Genetic analyses of sexual isolation in Drosophila are thus in apparent contrast to studies ofpostzygotic isolation in both sexes, which invariably show that the X chromosome has the largest effect [this is true in all 16 analyses of males and 4 of females (3)]. Prezygotic isolation apparently has a genetic basis more similar to that of morphological differences among species (2) than to that of postzygotic isolation. Large X chromosome effects are obviously not general properties of traits that involve interactions between species.
One evolutionary explanation of the importance of the X chromosome in hybrid sterility and inviability assumes that alleles causing such isolation were originally advantageous genes that were either underdominant or recessive within a species, and that some loci were advantageous in only one sex (2, 3) . The difference between the genetic architecture of postzygotic isolation and that of morphological characters (including sex-limited ones) was ascribed to a fundamental difference in the underlying genes: those affecting sterility or inviability may be more often recessive or underdominant.
If this explanation is correct, the lack of a consistent X chromosome effect on sexual isolation suggests two possibilities. First, sexual isolation could, like postzygotic isolation, be based on the substitution of advantageous genes that were recessive or underdominant. The lack of an X chromosome effect on prezygotic isolation would then be explained by supposing that female mating behavior, unlike female sterility, results from genes whose action is limited to that sex [mutations affecting only the homogametic sex, regardless of their dominance, do not accumulate disproportionately on the X chromosome (2)]. The latter assumption is supported by Zouros' observation (7) that in D. mojavensisiD. arizonensis the genes causing the sexual isolation are different in the two sexes.
If the genetics of pre-and postzygotic isolation are similar, we would then predict that sexual isolation in males, as a male-limited character based on recessive or underdominant alleles, would involve a strong X chromosome effect. Although we have no information on this point for D. simulans and D. mauritiana, the lack of consistent X chromosome effects in three studies of sexual isolation in males (5) (6) (7) suggests an alternative explanation: that the genetic architecture of sexual isolation is not based on the substitution of recessive or underdominant alleles and is more similar to the Proc. Nati. Acad. Sci. USA 86 (1989) genetic architecture of morphological differences than to that of postzygotic isolation.
Because D. mauritiana females reject D. simulans males, there are obviously interspecific differences among males affecting their acceptability as mates. We plan to study the genetics of these differences as well, although such studies must involve direct observation ofcourtship [measuring male mating success through insemination is impossible because hybrid males often lack sperm (13) ]. Although there is still a paucity of data on the genetics of sexual isolation, it is likely that in Drosophila it differs in an important way from the genetics of postzygotic isolation. Since genetic studies of sexual isolation have been limited to Drosophila, however, any generalities in this genus must be tested in other animals, particularly because the large effect of the X chromosome on postzygotic isolation is consistently observed in diverse species (3).
